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Abstract. Hydrogeomorphic processes are a major threat
in many parts of the Alps, where they periodically dam-
age infrastructure, disrupt transportation corridors or even
cause loss of life. Nonetheless, past torrential activity and
the analysis of areas affected during particular events remain
often imprecise. It was therefore the purpose of this study
to reconstruct spatio-temporal patterns of past debris-ﬂow
activity in abandoned channels on the forested cone of the
Manival torrent (Massif de la Chartreuse, French Prealps).
A Light Detecting and Ranging (LiDAR) generated Digi-
tal Elevation Model (DEM) was used to identify ﬁve aban-
doned channels and related depositional forms (lobes, lat-
eral levees) in the proximal alluvial fan of the torrent. A to-
tal of 156 Scots pine trees (Pinus sylvestris L.) with clear
signs of debris ﬂow events was analyzed and growth dis-
turbances (GD) assessed, such as callus tissue, the onset of
compression wood or abrupt growth suppression. In total,
375GD were identiﬁed in the tree-ring samples, pointing to
13 debris-ﬂow events for the period 1931–2008. While de-
bris ﬂows appear to be very common at Manival, they have
only rarely propagated outside the main channel over the past
80 years. Furthermore, analysis of the spatial distribution of
disturbed trees contributed to the identiﬁcation of four pat-
terns of debris-ﬂow routing and led to the determination of
three preferential breakout locations. Finally, the results of
this study demonstrate that the temporal distribution of de-
bris ﬂows did not exhibit signiﬁcant variations since the be-
ginning of the 20th century.
Correspondence to: J. Lopez Saez
(jerome.lopez@cemagref.fr)
1 Introduction
Hydrogeomorphic processes represent one of the most com-
mon and widespread of all natural hazards in many moun-
tain and hillslope environments worldwide (Jakob, 2005;
Shroder et al., 2011). They repeatedly cause severe dam-
age and destruction to settlement areas, transportation cor-
ridors, and infrastructure or even lead to loss of life, es-
pecially on alluvial fans and debris-ﬂow cones. Because
of their high ﬂow velocity and poor temporal predictabil-
ity, forecasting is rarely possible (Wieczorek and Snyder,
2009) and no rigorous(database) methods are available that
would allow determination of event probability, be it based
on physically measured characteristics of a catchment or on
statistical approaches (Mayer et al., 2010). Therefore, in or-
der to avoid damage or fatalities, an appropriate delineation
of potentially hazardous areas is needed, demanding knowl-
edge about event frequency and magnitude (Jakob and Bovis,
1996; Mayer et al., 2010).
A major obstacle for such analysis is the lack of data with
satisfying spatial resolution or precision over medium to long
timescales and on a continuing basis (Wieczorek and Snyder,
2009). Usually, the temporal distribution of hydrogeomor-
phic processes is estimated at supradecadal timescales and
derived from large inventories of historical archives such as
local, state government (e.g. administrative, ﬁscal or mili-
tary works), religious (e.g. episcopal or diocesan archives),
private or notarial archives (Barriendos et al., 2003). These
archives include narrations, paintings, newspaper accounts,
terrestrial or aerial photographs, remote sensing series, or
incidental statements (Tropeano and Turconi, 2004; Coeur
and Lang, 2008). However, difﬁculties are numerous in ac-
cessing, extracting, organizing, databasing, and analyzing
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such information because it has not usually been collected
for scientiﬁc purposes. Problems may involve conscien-
tiousness of the observer, editing and recording process is-
sues, and the haphazard nature of recorded events in both
time and space (Ibsen and Brunsden, 1996). Furthermore,
archival data is always biased toward catastrophic events and
largely undersampled in unpopulated areas (Mayer et al.,
2010). Additional anthropocentric bias is introduced when
interviewingresidentsbecausehumanmemoryisshort-lived,
and highly selective (Barriendos et al., 2003), meaning such
records will likely contain more frequent events of the recent
past (Mayer et al., 2010).
Therefore, archival records should be supplemented with
other techniques (Ibsen and Brunsden, 1996; Jakob, 2005).
On forested cones, hydrogeomorphic processes can destroy
or damage trees in or adjacent to their ﬂow paths (Stoffel
and Bollschweiler, 2008; Bollschweiler and Stoffel, 2010a).
Dendrogeomorphology allows a reconstruction of past geo-
morphic activity to be inferred from information preserved
in tree rings (Alestalo, 1971; Stoffel et al., 2005). In the
past, dendrogeomorphic research has largely focused on the
reconstruction of debris-ﬂow frequency (e.g. Strunk, 1997;
Bollschweiler and Stoffel, 2010b) and magnitude (e.g. Hupp,
1984; Stoffel, 2010). Spatial patterns of previous activity on
cones and in channels have also repeatedly been compared
with archival records on ﬂooding (e.g. Stoffel et al., 2005;
Mayer et al., 2010). In addition, triggering weather con-
ditions or changes in the seasonality of debris-ﬂow activity
with time (Stoffel et al., 2008, 2011) were evaluated.
With a few exceptions, dendrogeomorphic studies focused
on trees growing on cones; in contrast, trees growing inside
or next to debris-ﬂow channels have rarely been the subject
of research, although they yield valuable data on (i) more
recent or (ii) smaller in-channel events (e.g. Arbellay et al.,
2010; Szymczak et al., 2010), as well as on (iii) periods of
activity in currently abandoned channels (Bollschweiler et
al., 2008).
It is therefore the aim of this study to reconstruct spatial
patterns of past debris-ﬂow activity inside and next to aban-
doned channels on the depositional cone of the Manival tor-
rent (Massif de la Chartreuse, French Prealps). We used a
LightDetectingandRanging(LiDAR)generatedDigitalEle-
vation Model (DEM) to identify abandoned channels and re-
lated forms (lobes, lateral levees) in the proximal alluvial fan
of the torrent and analyzed growth disturbances in 312 tree-
ring series obtained from 156 Scots pine (Pinus sylvestris L.)
trees disturbed by past debris ﬂows. The paper (i) reports
on the frequency of debris ﬂows affecting abandoned chan-
nels, (ii) analyzes breakout locations of past events, and (iii)
compares the reconstructed time series with archival data.
2 Study site
The Manival torrent (Is` ere, French Prealps, 45◦ 170 N,
5◦490 E) is considered one of the largest debris-ﬂow torrents
of the Northern French Prealps (Besson, 1996; Fig. 1a). It
is located in the Massif de la Chartreuse on the southeast-
ern slopes of the Is` ere valley, about 10km north of Greno-
ble (Fig. 2a). The catchment has a size of 7.3km2 and ex-
tends from Bec Charvet at 1738ma.s.l. to the conﬂuence
with the Is` ere River at 250ma.s.l.
Debris ﬂows at Manival are commonly triggered from a
large amphitheatre located in an anticline and developed in
intensely folded and interbedded limestones and marls (mean
thickness: 1000m) of Jurassic age (Gignoux and Moret,
1952). As a result, bedrock is intensely fractured and there-
fore highly sensitive to weathering and erosion. The upper
basin hillslopes are almost devoid of vegetation and have
mean slope angles varying between 40 and 50◦. Due to
lacking local pluviometric data, precipitation has been ex-
trapolated from data of the nearby Saint Martin d’H` eres sta-
tion (45◦ 100 N, 5◦ 460 E, 220ma.s.l.; Mathys, 1988; Bro-
chot, 1991; Gruffaz, 1997). Mean annual precipitation is
about 1000mm in the lower parts of the basin and 1800mm
at its summit (mean: 1250mm; Veyrat-Charvillon, 2005).
Extreme daily precipitations with decadal recurrence are es-
timated to 100mm, with intense rainstorms being most fre-
quent in summer. Debris ﬂows at Manival have generally
occurred during late spring and summer.
The Manival fan has a size of 4.3km2, and a mean slope
angle of 8◦. The alluvial fan has a radius of 2km and dis-
placed the Is` ere River to the northwestern slopes of the main
valley. The fan is largely non forested below 460ma.s.l. and
occupied by the villages of Saint-Nazaire-les-Eymes, Saint-
Ismier, and Bernin (Fig. 1a).
ArchivaldataondebrisﬂowsatManivalareavailablefrom
different sources (Lang et al., 2003). Fifty-six damaging
events have been recorded since AD 1673. Recently, Na-
tional Agency for Mountain Terrain Restoration (RTM) has
listed 25 debris ﬂow since 1900, but the chronology is likely
to be rather incomplete (Brochot et al., 2000; Lang et al.,
2003). According to the sources listed above, the last debris
ﬂow reaching the bottom of the fan occurred in 1953. Ever
since, urban development has increased on the fan. Quan-
titative data on events is scarce and limited to the recent
past; the largest event on record occurred in 1968 and de-
posited ∼60000 m3of debris on the fan (Veyrat Charvillon,
2005), but RTM only estimated the volume of ﬁve debris-
ﬂow events in 1968, 1984, 1991, 1998, and 2008.
Between 600 and 850ma.s.l., the Manival torrent has
formed a 300-m wide and incised valley with a mean slope
angle of 11◦ (Fig. 2b, c). This reach of the Manival tor-
rent has received considerable attention by RTM since the
late 19th century (Veyrat-Charvillon and Memier, 2006): in
1926, two 150 and 230-m long dykes were built on both sides
of the active channel (Fig. 2c), leading to an open central
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Fig. 1. (A) Overview of the Manival catchment as seen from the upper basin with (1) the study site, (2) debris-ﬂow cone, and (3) the
village of Saint-Ismier; (B) View of an abandoned channel with characteristic lateral levees covered with (C, D) trees affected by past
debris-ﬂow activity.
deposition zone. In addition, several check dams have been
constructed to control channel scour. Since 1992, a large
check dam and a 25000-m3 sediment trap prevent debris to
move below 550ma.s.l. The active channel is located inside
thedykesandupto10mbelowtheconesurfacecoveredwith
an open P. sylvestris forest.
3 Material and methods
3.1 Geomorphic mapping
Fieldwork started with the mapping (scale: 1/1000) of fea-
tures associated with past debris-ﬂow activity such as aban-
doned ﬂow paths and channels, as well as levees and lobes,
using airborne LiDAR data. LiDAR data acquisition was
performed in spring 2009 by Sintegra (Meylan, France) us-
ing a Riegl© LMS-Q560 laser scanner. Flight height was
∼2000m, resulting in a footprint size of ∼0.25m. The point
density was 5 points m−2. An Ordinary Kriging interpola-
tion was performed with ArcMAP 9.3 (ESRI Corp.) and a
DEM with a 1-m resolution was derived from the LiDAR
data. Using the Spatial Analysis Toolbox, two hillshade
maps (Fig. 2c) were created from the DEM with a sun eleva-
tion angle of 30◦ and an azimuth angle of 45 and 315◦. These
hillshade maps, combined with aerial orthophotos, were used
to digitize abandoned channels and geomorphic forms asso-
ciated with past debris-ﬂow activity. All the features of the
LiDAR-derived geomorphic map were then validated during
a ﬁeld survey.
3.2 Sampling strategy
Based on the geomorphic map and an outer inspection of
the stem surface, 312 increment cores were sampled from
156 P. sylvestris trees. Two cores were sampled from each
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Fig. 2. (A) The Manival torrent is located on the southeastern slopes of the Massif de la Chartreuse, 10km northeast of Grenoble. (B) It is
composed of three characteristic parts: (1) the upper basin, (2) a large valley with an active ﬂow channel and several abandoned channels,
and (3) the debris-ﬂow cone. (C) Detail of the study site.
tree in the ﬂow direction. GPS coordinates with <1m ac-
curacy were recorded for each tree sample using a Trim-
ble GeoExplorer. Sampling height was chosen according
to the morphology of the stem: injured or tilted trees were
sampled at the height of the disturbance; cores from buried
and/or decapitated trees were extracted next to the stem base
so as to preserve as much tree-ring information as possi-
ble (Bollschweiler et al., 2008); cores from trees showing no
visible GD were extracted at an average height of ∼130cm.
In addition to the trees sampled inside the channels, ﬁfteen
undisturbed P. sylvestris trees showing no signs of geomor-
phic impacts were selected on the cone and used to build
a reference chronology. Two cores were extracted per tree,
perpendicularly to the slope, at breast height.
3.3 Tree-ring analysis
In the laboratory, tree samples were analyzed and data pro-
cessed following the standard procedures described in Stof-
fel and Bollschweiler (2009). Single steps of surface anal-
ysis included sample mounting on a slotted mount, sample
drying, and surface preparation by ﬁnely sanding the up-
per core surface up to grit size 600. In the laboratory, tree
rings were counted and ring widths measured to the nearest
0.01mm using a digital LINTAB positioning table connected
to a Leica stereomicroscope and TSAPWin Scientiﬁc soft-
ware (Rinntech, 2011).
The reference chronology (Fig. 4) was developed based on
the growth curves of the undisturbed trees using ARSTAN
software (Cook, 1985). The two measurements of each ref-
erence tree were averaged, indexed and detrended using a
double detrending procedure (Holmes, 1994) with the pur-
pose to enhance the climate signal in ring width series. First,
a negative exponential curve (or linear regression) was ﬁtted
to the ring series. In a second step we used a cubic smooth-
ing spline function with a frequency-response cut-off set at
two-thirds of the length of each series (Cook and Kairiuk-
stis, 1990). This process created stationary time series for
each tree with a mean of 1 and an homogeneous variance.
It resulted in a unitless index of radial tree growth. In this
way, most of the variability in each ring series assumed to
be unrelated to climate such as tree aging and forest stand
development was removed.
Increment curves of the disturbed samples were then
cross-dated with the reference chronology. The quality of
the cross-dating was evaluated using COFECHA (Holmes,
1983) as well as the graphical functions of TSAPWin (Rin-
ntech, 2011). The purpose of this procedure was (i) to correct
faulty tree-ring series derived from disturbed samples (e.g.
false or missing rings) and (ii) to separate climatically driven
ﬂuctuations in tree growth from growth disturbances caused
by debris-ﬂow activity. As no signiﬁcant correlation was
found between the reference chronology and 6 cores from
affected trees (3.8%), these cores were not considered for
further analysis.
3.4 Sign of disturbance in the tree-ring record
Depending on their volume, velocity or energy, debris ﬂows
can injure trees by (i)tilting, (ii) breaking or (iii) scarring
stems (Fig. 1c, d). Cross-dated growth curves were used
to determine the initiation of GD. A reduction in annual
ring width over several years was interpreted as damage to
the root system, loss of a major limb, or a partial burial
of the trunk resulting from debris-ﬂow activity (Stoffel and
Bollschweiler, 2008). In this study, growth-ring series had
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Fig. 3. (A). Abandoned channels identiﬁed on the hillshade map computed using the DEM derived from airborne LiDAR data. (B, C, D,
E) Proﬁles of the Manival torrent at four characteristics location. (A) Cross sections of the ﬁve studied abandoned channels. (B) The check
dams constructed in the 1950s and 1960s. (C) Section of a depositional lobe. (D) Section of the active channel.
to exhibit (i) a marked reduction in annual ring width for at
least three consecutive years, such that the (ii) width of the
ﬁrst narrow ring was 50% or less of the width of the annual
ring of the previous year.
In the case of tilted stems, both the appearance of the cells
and growth curve data were analyzed (e.g., Braam et al.,
1987). The onset of compression wood is interpreted as a
response to stem tilting induced by a unilateral debris-ﬂow
pressure (Fantucci and Sorriso-Valvo, 1999). At the level of
tree rings, the tilting of conifer trunks will result in asym-
metric tree-ring growth, i.e. in the formation of wide annual
rings with smaller, reddish-yellow colored cells with thicker
cell walls (so-called compression wood; Timell, 1986) on the
tilted side and narrow (or even discontinuous) annual rings
on the opposite side of the tree (Panshin and de Zeeuw, 1970;
Carrara and O’Neill, 2003).
Finally, cores were visually inspected so as to identify
further signs of past debris-ﬂow activity. The formation of
callus tissue was interpreted as a reaction to the corrasion
of tree stems by the ﬂow that causes cambium damage and
scars (Hupp, 1984).
3.5 Reconstructing frequency and assessing spatial
patterns of past events
After the dating of GD on the samples, the position of all
trees with GD in the same year was marked on the geomor-
phic map. This representation of trees affected during indi-
vidual events allowed the identiﬁcation and interpretation of
spatial patterns of past events in currently abandoned chan-
nels. We required that a minimum of ﬁve trees exhibits a
response for an event to be dated. Preferential breakout lo-
cations, as well as the travel distance of the reconstructed
debris-ﬂow events, were assessed by the distribution of dis-
turbed trees in a speciﬁc event year.
4 Results
4.1 Geomorphic map
Geomorphic mapping allowed identiﬁcation of features re-
lated to past debris-ﬂow activity on the depositional cone
of the Manival torrent. The features and deposits invento-
ried in the study area covering approximately 15ha are illus-
trated in Fig. 3a and include ﬁve well-developed abandoned
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Fig. 4. Tree-ring chronology of Pinus sylvestris L. for the Manival
torrent dating back to 1918. Individual series are detrended with (i)
anegativeexponentialcurveoralinearregressionand(ii)byacubic
smoothing spline function.
channels (Fig. 3b, c, d, e). The tracks of these abandoned
channels are still clearly visible on the LiDAR derived hill-
shade maps, although their banks have partially collapsed
since the last debris-ﬂow activity and their beds are now re-
covered by fallen debris and vegetation (Fig. 1b). The length
of channels varies from 60 (channel 5) to 1300m (channel 1)
with depths of 1 to 3m and widths comprised between 5 and
20m (Fig. 3b, c, d, e). All channels are bordered with char-
acteristic depositional lobes and lateral levees (Fig. 3d, e).
4.2 Age structure of the stand and growth disturbances
A total of 156 trees was cored at Manival, 36 (23%) in
channel 1, 79 (51%) in channel 2, 13 (8%) in channel 3,
21 (14%) in channel 4, and 7 (4%) in channel 5. Visual
cross-dating was carried out by means of the skeleton plot
method and primarily based on the narrow rings of 1921,
1939, 1962, 1976, 1989, and 2003 (Fig. 4). The average
age at sampling height was 62±27yr. While the oldest tree
selected for analysis attained sampling height in AD 1875,
the youngest sample only reached breast height in 1989.
The spatial distribution of tree ages within the stand is het-
erogeneous (Fig. 5), with older trees mainly being located
in the upper part of channel 4 (average age=95±14yr)
and youngest trees growing in the lower parts of channel
1 (average age=29±6yr). The stand appears relatively ho-
mogeneous (average age=60±11yr) in the lower part of
channel 2.
Amongst the sampled trees, 15 (9%) showed at least one
visible scar, 41 (27%) were tilted, and 100 (64%) exhibited
no external defects. The 312 samples permitted identiﬁcation
of 375 GD in the form of compression wood after tilting (196
cases, 53%), callus tissue (15; 4%), and abrupt growth re-
leases or growth suppressions (164, 43%; Fig. 6). The oldest
GD in the tree-ring series was dated to 1878 and GD became
more frequent after 1930. In total, GD allowed reconstruc-
tion of 13 debris-ﬂow events between 1931 and 2008: 1931,
1936, 1946, 1953 1956, 1967, 1972, 1974, 1975, 1981, 1989,
Abandoned channels
Active channel
Tree age in years (reference 2008)
< 40
41 - 60
61 - 80
81 - 100
101 - 120
121 - 135
225 112,5 225 0
N
Fig. 5. Age structure of the forest stand at the study site.
1990, 2000 (Fig. 6). The years 1974 (24%), 1990 (40%), and
2000 (24%) are those exhibiting the largest number of trees
responding to debris-ﬂow disturbance.
4.3 Spatial distribution of trees affected by debris ﬂow
Maps illustrating the spatial distribution of characteristic
Manival debris ﬂows are provided in Fig. 7; they point to
the presence of four patterns of debris-ﬂow routing with re-
spect to the overﬂowing point. In ﬂow pattern A, illustrated
with a debris ﬂow dated to 1975 (Fig. 7), surges leave the
currently active Manival channel at the uppermost difﬂu-
ence at 820ma.s.l. The 1975 debris ﬂow disturbed all trees
in and next to channel 1 and was stopped at ∼690ma.s.l.
when it reached check-dam CD14. The debris ﬂows of 1967,
1972, 1974, and 1981 can be summarized with ﬂow pattern
B. Here, events apparently avulsed between the active chan-
nel and channels 2, 3, and 4 at ∼700ma.s.l.; and ﬂowed
through channels 2 in 1967, 3 in 1974, and 4 in 1972 and
1981. The different ﬂows converged again with the active
channel at ∼600ma.s.l. in 1972 and 1981 to reach the check
dam at 550ma.s.l. Flow pattern C is illustrated with the de-
bris ﬂow of 1989, when a spatially limited overﬂow event
left the active channel at ∼640ma.s.l. to disturb a limited
number of trees located in channel 5. Finally, ﬂow pattern
D is represented by debris ﬂows in 1953, 1956, 1990, and
2000. This type of event shows two sets of possible break-
out locations at 820 and 700ma.s.l. (1953, 1990, 2000) and
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Fig. 6. Skeleton plot showing event responses from tree sam-
ples collected in or next to the ﬁve abandoned channels of the
Manival torrent.
at 700 and 680ma.s.l (1956), respectively. The 1953 de-
bris ﬂow preferentially affected trees located in channels 1
and 2 and was deposited halfway down the channel, at the
conﬂuence between channels 2 and 3 (620ma.s.l.). In 1956,
surges traveled the entire length of channel 4 and stopped at
∼620ma.s.l., mainly causing damage to trees located in the
upper part of channel. The massive debris ﬂows of 1990 and
2000 left damages to vegetation in all channels.
5 Discussion
In this study, a coupling of detailed geomorphic mapping
withdendrogeomorphicanalysishasbeenusedtoreconstruct
the frequency and spatial extent of debris-ﬂow events in the
Manival torrent over the last 80 years. Analysis yielded ex-
tensive data on 13 events between 1931 and 2008 and al-
lowed reconstruction of past debris-ﬂow activity in ﬁve chan-
nels that are currently abandoned. In addition, the large
amount of tree-ring data combined with the results from the
geomorphic mapping enabled distinction of four different
patterns of spatial activity of former debris ﬂows and iden-
tiﬁcation of preferential breakout locations of debris-ﬂow
surges.
The dendrogeomorphic reconstruction of debris-ﬂow ac-
tivity at Manival was limited by the relatively young age of
trees. Although trees with more than 130 increment rings
were identiﬁed, the average age of P. sylvestris was only
62yr at the study site. In the lower part of channel 1, most
trees were even younger and averaged only 29yr. Further-
more, we need to stress that this study exclusively focused
on debris-ﬂows that actually left the active channel and reac-
tivated abandoned channels on the cone surface. The more
frequent but smaller debris ﬂows, such as those registered
in February 1963 or July 1993 (Veyrat-Charvillon, 2005),
do not appear in our reconstruction, as they were contained
within the active channel and did not cause any damage to
the vegetation growing on the cone. Conversely, it is also
known that debris ﬂows may partly or entirely eliminate for-
est stands (Arbellay et al., 2010), thus masking witnesses of
former events. Finally, we need to bear in mind that we ex-
clusively sampled trees along or within abandoned channels
and thus may have overlooked older events in areas where
signs of former channel processes may have been masked
by more recent deposits (Sorg et al., 2010). As a result of
the above considerations, the number of reconstructed events
has to be seen as a minimum frequency, despite the fact that
most (if not all) breakout events with channel reactivation
have been captured since the 1930s as a result of the large
replication of trees showing GD in individual years.
In this study, the onset of compression wood after tilt-
ing and abrupt changes in growth (releases or suppression)
were by far the wound type most frequently observed (53%
and 43%, respectively); injuries caused by the abrasive ac-
tion of debris-ﬂow sediment were, in contrast, rare and only
accounted for 4% of all reconstructed GD. This scarcity of
injuries as compared to other signs of past activity may re-
ﬂect the sampling strategy. In this study, increment cores
wereusedratherthancross-sections, sincetheforestatMani-
val has a protective function and trees could not therefore be
felled for analysis. As a result of the thick and rough bark of
P. sylvestris, external signs of injuries are very efﬁciently and
rapidly blurred on the stem surface, as it grows abundantly
and sporadically scales off its outermost bark layers (Stof-
fel and Perret, 2006). Furthermore, P. sylvestris abundantly
produces vertical resin ducts in its phloem and xylem, but
does not, at the same time, produce tangential rows of trau-
matic resin ducts (TRD) as a reaction to mechanical wound-
ing (Stoffel, 2008). As a result, in contrast to other conifer
species, TRD cannot be used to indirectly date overgrown
abrasion scars.
On a temporal scale, our reconstruction considerably
complemented archival records of debris-ﬂows at Mani-
val (Fig. 8). Only four of the 13 events reconstructed in this
study were previously known from archival records, namely
the debris ﬂows of 1953, 1975, 1990, and 2000.
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Fig. 7. Location of trees showing growth disturbances (GD) during reconstructed debris-ﬂow events. Maps show all living trees as well as
those trees showing an event-response to debris-ﬂow activity in a particular year.
More importantly, the events reconstructed in 1931, 1936,
and 1946 ﬁlled a considerable gap in historical archives be-
tween 1920 and 1948, which was probably related to insufﬁ-
cient monitoring by the RTM (Brochot et al., 2000). In com-
bination with the tree-ring record, the database of historic
Manival debris ﬂows now contains a total of 33 events span-
ning more than 100yr. Although we are able to identify three
periods with increased debris-ﬂow activity in the record (i.e.
1900s, 1950s, and 1990s), we do not consider our database
long and complete enough to postulate for an unequivocal
evidence of changes and trends in debris-ﬂow frequency dur-
ing the 20th century as a result of climate change, as put for-
ward by other studies which were based on much larger and
longer time series (e.g. Stoffel and Beniston, 2006; Jomelli
et al., 2009).
On a spatial scale, this study has contributed to the doc-
umentation and understanding of avulsion events, the lo-
calization of the most active breakout locations and to the
spread and reach of debris ﬂows on the cone of the Manival
torrent. Interestingly, the four events known from archives
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Fig. 8. Comparison of debris-ﬂow frequency as documented from historical archives and with the reconstructed time series obtained with
dendrogeomorphic methods at Manival.
and conﬁrmed with dendrogeomorphology (i.e. 1953, 1975,
1990, and 2000) all correspond to ﬂow patterns A and D.
They disturbed trees located in or next to channel 1 after hav-
ing left the current main channel at ∼820ma.s.l. The good
concordance between these events and the databases prob-
ably reﬂects the more accurate monitoring of this sector of
the cone by the RTM, as channel 1 – also called “Le Petit
Manival” (little Manival) – directly threatens the village of
Bernin, with destructive events being reported at the turn of
the 19th and 20th centuries (1889, 1894, 1902, 1903, 1905,
1907, 1920).
Reconstructedeventswithoutbreaksfromthemaindebris-
ﬂow channel were compared with volumes of events es-
timated by RTM (Fig. 8). The known debris ﬂow of
1990 (12000m3) was conﬁrmed by tree-ring analysis, as it
overﬂowed the main channel at 820ma.s.l. and disturbed
trees located in all abandoned channels (Fig. 7). Conversely,
it was not possible to reconstruct the events that occurred
in 1968, 1984, 1998, and 2008 with dendrogeomorphol-
ogy. In 1968, the debris-ﬂow surge noted in the RTM
database (60000m3) stopped at ∼850ma.s.l. upstream from
the study site. Based on personal observations, the event of
2008 (6800m3) was restricted to the active channel. Sim-
ilarly, we hypothesize that the events of 1984 (15000m3)
and 1998 (6000m3) did not overﬂow the active to affect
the abandoned channels. A deﬁnition of volume threshold
above which debris ﬂows will reactivate channels on the
cone is therefore not possible based on the data available.
Even more, it seems very likely that the maximum capac-
ity of the main channel varies with time and – depending
on channel geometry – the ﬂood management strategies and
the ﬂow dynamics and characteristics of events in those ar-
eas where avulsion and reactivation of abandoned channels
are possible.
6 Conclusions
In this study, the use of aerial LiDAR data permitted geomor-
phic mapping of ﬁve well-developed abandoned channels of
theManivaltorrent. Tree-ring analysis coupledwithgeomor-
phic mapping allowed reconstruction of 13 events covering
the last 80 years. On a temporal scale, the dendrogeomor-
phic study of abandoned channels has proved to be a power-
ful tool in substantially adding to the historic record centered
on the active channel. The composite chronology revealed
that the frequency of debris-ﬂow events had not been sig-
niﬁcantly modiﬁed since the beginning of the 20th century
as previously suggested by (incomplete) historical archives.
Although the relatively young age of sampled trees limited
the reconstruction, the P. sylvestris trees selected for anal-
ysis provided very detailed insights into recent debris-ﬂow
activity and routing at the study site. Analysis of the spa-
tial distribution of disturbed trees contributed to the identiﬁ-
cation of four patterns of debris-ﬂow routing in abandoned
channels. Three preferential breakout locations of events
could be determined and the travel distance of debris-ﬂow
surges assessed. Finally, despite the accurate monitoring of
the Manival torrent, our study demonstrates the reliability of
dendrogeomorphic approaches to substantially complement
historical archives.
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